The most widely distributed members of the family of insulin receptor substrate (IRS) proteins are IRS-1 and IRS-2. These proteins participate in insulin and insulin-like growth factor 1 signaling, as well as the actions of some cytokines, growth hormone, and prolactin. To more precisely define the specific role of IRS-1 in adipocyte biology, we established brown adipocyte cell lines from wild-type and IRS-1 knockout (KO) animals. Using differentiation protocols, both with and without insulin, preadipocyte cell lines derived from IRS-1 KO mice exhibited a marked decrease in differentiation and lipid accumulation (10 to 40%) compared to wild-type cells (90 to 100%). Furthermore, IRS-1 KO cells showed decreased expression of adipogenic marker proteins, such as peroxisome proliferator-activated receptor gamma (PPAR␥), CCAAT/enhancer-binding protein alpha (C/EBP␣), fatty acid synthase, uncoupling protein-1, and glucose transporter 4. The differentiation deficit in the KO cells could be reversed almost completely by retrovirus-mediated reexpression of IRS-1, PPAR␥, or C/EBP␣ but not the thiazolidinedione troglitazone. Phosphatidylinositol 3-kinase (PI 3-kinase) assays performed at various stages of the differentiation process revealed a strong and transient activation in IRS-1, IRS-2, and phosphotyrosine-associated PI 3-kinase in the wild-type cells, whereas the IRS-1 KO cells showed impaired phosphotyrosine-associated PI 3-kinase activation, all of which was associated with IRS-2. Akt phosphorylation was reduced in parallel with the total PI 3-kinase activity. Inhibition of PI 3-kinase with LY294002 blocked differentiation of wild-type cells. Thus, IRS-1 appears to be an important mediator of brown adipocyte maturation. Furthermore, this signaling molecule appears to exert its unique role in the differentiation process via activation of PI 3-kinase and its downstream target, Akt, and is upstream of the effects of PPAR␥ and C/EBP␣.
Adipocytes play a central role in lipid homeostasis and the maintenance of energy balance in vertebrates (18) . White adipose tissue is the primary site of storage of triglycerides and release of fatty acids in response to changing energy needs (12) . Brown adipocytes, on the other hand, store smaller amounts of triglycerides and account for much of the basal thermogenic energy expenditure through the expression of uncoupling protein-1 (UCP-1) (19) . Obesity, an excessive accumulation of white adipose tissue, occurs when energy intake by an individual exceeds the rate of energy expenditure, whereas brown adipocyte mass is highest in young mammals and disorders such as pheochromocytoma (27) .
Characterization of cell lines that progress from an undifferentiated progenitor state to mature white adipocytes has led to a good understanding of the factors involved in the adipogenic program. Among these factors, the transcription factors peroxisome proliferator-activated receptor gamma (PPAR␥) and CCAAT/enhancer-binding proteins (C/EBPs) appear to play a central role. PPAR␥ is highly enriched in adipose tissue, and its expression is upregulated early during differentiation of preadipocytes into adipocytes (30, 31) . Ectopic expression and activation of PPAR␥ in fibroblasts has been shown to promote their conversion into adipocytes (31) . Of the members of the C/EBP family, C/EBP␤ and -␦ are induced very early and have been shown to activate PPAR␥, thereby initiating the differentiation program of preadipocytes (29, 34, 36, 39) . In contrast, C/EBP␣ is activated after PPAR␥ but precedes the synthesis of a number of proteins characteristic of a fully differentiated phenotype, such as fatty acid synthase (FAS) or glucose transporter 4 (Glut4) (37) . Overexpression of C/EBP␣ in fibroblasts has been shown to induce their differentiation into mature adipocytes, similar to PPAR␥ (10) . Furthermore, C/EBP-and PPAR␥-binding sites have been described in the promoters of a number of adipogenic genes (5, 14, 22, 26, 28) .
The upstream signals regulating induction and expression of these transcription factors during adipogenic differentiation are poorly understood. Activation of the phosphatidylinositol 3-kinase (PI 3-kinase) pathway occurs during differentiation and has been demonstrated to be necessary for complete differentiation of white preadipocytes (25) . Furthermore, it has been shown that binding of insulin receptor substrate 1 (IRS-1) and IRS-2 to PI 3-kinase is transiently increased during differentiation of preadipocyte cell lines into adipocytes (25) ; however, the role of either of these proteins in adipocyte differentiation is unclear.
In the present study, we have investigated the role of IRS-1 in differentiation by establishing immortalized brown preadipocytes from IRS-1 KO mice and their wild-type counterparts.
We find that differentiation of preadipocytes into adipocytes is severely impaired in cells lacking IRS-1. Furthermore, retrovirus-mediated reexpression of IRS-1, PPAR␥, or C/EBP␣ is able to reconstitute differentiation capacity almost to the level of wild-type cells. Signaling studies suggest that decreased IRS-1-associated and total PI 3-kinase, as well as decreased Akt activation in the KO cells, might be responsible for the lack of differentiation observed.
Total cellular RNA was isolated using RNA Stat-60 (Tel-Test B, Inc., Friendswood, Tex.). Twenty micrograms of RNA was then subjected to Northern analysis with various probes as described previously (16) . PI 3-kinase assays. Cell lysates were obtained as described above, and supernatants containing 500 g of protein were subjected to immunoprecipitation with the indicated antibodies for 2 h at 4°C. Immune complexes were collected with protein A-Sepharose, washed twice with phosphate-buffered saline containing 1% Igepal CA-630, twice with 0.5 M LiCl in 0.1 M Tris (pH 7.5), and twice in reaction buffer (10 mM Tris [pH 7.5], 100 mM NaCl, 1 mM EDTA). Sepharose beads were resuspended in a mixture containing 50 l of reaction buffer, 10 l of 100 mM MgCl 2 , and 10 l of phosphatidylinositol (2 g/l). Reactions were initiated by adding 5 l of reaction mixture (880 M ATP, 20 mM MgCl 2 , and 10 Ci of [␥-
32 P]ATP [3,000 Ci/mmol]) per tube and stopped after 10 min by addition of 20 l of 8 N HCl and 160 l of CHCl 3 -methanol (1:1). The samples were briefly centrifuged, and 50 l of the lower organic phase was spotted on a silica gel thin-layer chromatography plate. The plate was developed in CHCl 3 -methanol-H 2 O-NH 4 OH (120:94:23:2.4), dried, exposed to a PhosphorImager screen, and quantitated with a Molecular Dynamics densitometer.
Glucose uptake assays. Glucose transport activity was determined essentially as described previously (21) . Briefly, differentiated monolayers of brown adipocytes were treated with insulin for 30 min, after which 50 l of 2-deoxy-[
3 H]glucose (0.5 Ci/ml, final concentration) was added for an additional 3 min. The incorporated radioactivity was determined by liquid scintillation counting.
RESULTS

Differentiation of immortalized IRS-1 KO preadipocytes is impaired.
Wild-type and IRS-1-deficient preadipocytes were differentiated into brown adipocytes using insulin, T3, isobutylmethylxanthine, dexamethasone, and indomethacin as described in Materials and Methods. At different days of the differentiation protocol, cells from both genotypes were stained with oil red O, a fat-specific dye (Fig. 1A) . Confluent, noninduced cells from both genotypes showed no significant fat staining (Fig. 1A) . After induction, wild-type preadipocytes rapidly accumulated fat, and a fully differentiated phenotype with 90 to 100% of the cells containing multilocular fat droplets could be observed by 6 days after induction (Fig. 1A) . In contrast, only 10 to 40% of the IRS-1-deficient preadipocytes treated with the same differentiation protocol as the wild-type cells were able to accumulate fat (Fig. 1A) . This impaired differentiation capacity of IRS-1-deficient preadipocytes was observed in eight independent cell lines derived from eight different KO animals (data not shown).
This defect in fat accumulation in the IRS-1 KO cells was accompanied by differences in mRNA and protein content of various differentiation markers (Fig. 1B and C) . As previously noted in white adipocytes, during differentiation there is an increase in the level of a number of transcription factors and adipocyte differentiation-dependent proteins, including C/EBP␦, PPAR␥, C/EBP␣, FAS, UCP-1, and the insulin-sensitive Glut4. Protein levels of C/EBP␦, PPAR␥, C/EBP␣, FAS, UCP-1, and Glut4 were significantly decreased in the IRS-1-deficient cells compared to levels in wild-type adipocytes (Fig.  1C) . Interestingly, at the mRNA level a somewhat different pattern was observed. Thus, C/EBP␦ mRNA was upregulated, whereas PPAR␥ mRNA was decreased in IRS-1-deficient cells compared to that in their wild-type counterparts (Fig. 1B) . FAS mRNA as well as both transcripts of C/EBP␣ were expressed to a similar extent in both cell lines during differentiation (Fig. 1B) .
Reexpression of IRS-1 in IRS-1-deficient cells reconstitutes differentiation. To confirm that the lack of IRS-1 was responsible for impaired differentiation in the KO cells, IRS-1-defi-cient preadipocytes were infected with a retrovirus expressing full-length human IRS-1, as described in Materials and Methods. Following retroviral-mediated gene transfer, the level of IRS-1 reexpression in the KO cells was about 70% of that seen in wild-type adipocytes (Fig. 2B) . IRS-1-deficient cells reexpressing IRS-1 showed significantly increased accumulation of multilocular fat compared to the KO cells, with fat droplets detectable in 70 to 95% of the cells by day 6 of differentiation ( Fig. 2A) . Furthermore, reexpression of IRS-1 in the KO cells was accompanied by an increased protein content of adipogenic markers such as PPAR␥, p30 C/EBP␣, FAS, UCP-1, and Glut4 compared to the levels in KO cells (Fig. 2B) . The effects of IRS-1 deficiency on Glut4 expression were paralleled by changes in basal and insulin-stimulated 2-deoxyglucose uptake. Thus, there was a 30% decrease in basal and a Ͼ80% decrease in insulin-stimulated glucose transport activity in IRS-1-deficient adipocytes compared to wild-type cells (Fig. 2C) . When expressed in terms of the stimulation index, adipocytes derived from wild-type animals showed a sixfold increase in glucose uptake upon insulin stimulation, whereas glucose transport in IRS-1-deficient cells was increased only 1.5-fold (Fig. 2C ). This decrease in insulin-induced glucose uptake in the KO cells was reconstituted to about 70% of the wild-type level by reexpression of IRS-1, which was consistent with the level of reconstitution of the IRS-1 protein (Fig. 2C) .
Activation of IR and IRS-1 but not IRS-2 during differentiation is impaired in IRS-1-deficient cells. The specific upstream signals that trigger adipocyte differentiation remain unknown. To determine the role of the IRS proteins in this process, we examined whether changes in IR, IRS-1, and IRS-2 tyrosine phosphorylation occur during differentiation of wildtype, KO, and IRS-1-reconstituted KO cells. At day 0, no differences in IR content could be detected between the three cell lines and no tyrosine phosphorylation of the IR was observed in any of the different cells (Fig. 3A) . However, following induction of differentiation, IR tyrosine phosphorylation increased up to 20-fold at day 2, remained elevated at day 4, and then declined to about 30% of its maximum by day 6 in the wild-type cells (Fig. 3A) . This was accompanied by a fourfold increase in IR content, which remained stable from day 2 to 6 ( due to the very low level of IR tyrosine phosphorylation at day 0 (essentially undetectable). In contrast, there was only a modest twofold increase in IR content and a less-than-fourfold increase in IR tyrosine phosphorylation in IRS-1-deficient cells throughout the time course of differentiation (Fig. 3A) . The IRS-1-reconstituted KO cells demonstrated a pattern of IR expression and phosphorylation very similar to that in the wild-type cells (Fig. 3A) .
No significant IRS-1 tyrosine phosphorylation was detectable in the three cell lines at day 0 (Fig. 3C ). After induction, IRS-1 tyrosine phosphorylation significantly increased 22-fold in the wild-type cells at day 2 and remained elevated until day 6 (Fig. 3C ). As expected, no tyrosine phosphorylation was apparent in IRS-1 KO cells (Fig. 3C ). IRS-1 tyrosine phosphorylation in KO cells reconstituted with IRS-1 was similar to that in wild-type cells, with an 18-fold increase detectable at day 6 (Fig. 3C ). In contrast, tyrosine phosphorylation of IRS-2 was increased to a similar extent in all three cell lines, with maximal induction occurring at day 6 of the differentiation protocol (Fig. 3C) .
To determine the role of insulin itself in these changing patterns of protein expression and phosphorylation, the wildtype, KO, and IRS-1-reconstituted KO cells were differentiated in the absence of insulin. Although differentiation of all three cell lines cultured in insulin-free medium was somewhat decreased and delayed, even in the absence of insulin, 80 to 90% of wild-type cells and 60 to 80% of IRS-1-reconstituted KO cells differentiated, compared to only 5 to 20% of the KO cells (data not shown). Under these conditions no increase in IR tyrosine phosphorylation was apparent in the three cell lines during differentiation, whereas the change in IR content was comparable to the change observed in cells cultured in insulin-containing medium (Fig. 3B) . Furthermore, the changes in IRS-1 and IRS-2 tyrosine phosphorylation were similar to that observed in cells differentiated in the presence of insulin (Fig. 3D) . Activation of PI 3-kinase during differentiation is decreased in IRS-1 KO cells. As both IRS-1 and IRS-2 tyrosine phosphorylation increased during differentiation, we determined whether this increase was accompanied by enhanced binding of each IRS to the p85 regulatory subunit of PI 3-kinase. The amount of IRS-1 bound to p85 increased maximally sevenfold at day 2 in the wild-type cells whereas, as expected, no binding was detectable in the KO cells (Fig. 3E ). Similar to wild-type cells, IRS-1-reconstituted KO adipocytes showed a fourfold increase in IRS-1 binding to p85 at day 4 of differentiation ( Fig. 3E) . On the other hand, binding of IRS-2 to p85 increased uniformly by a factor of three in all three cell lines at day 2, with sustained levels in the KO and IRS-1-reconstituted KO cell lines at days 4 and 6 of differentiation and decreasing levels in the wild-type adipocytes (Fig. 3E) . Furthermore, a similar pattern of IRS-1 and IRS-2 binding to p85 could be detected in cells differentiated in the absence of insulin (Fig.  3F) .
PI 3-kinase activity assays paralleled the results for association of IRS-1 and IRS-2 with p85. Thus, a strong 20-fold increase in IRS-1-associated PI 3-kinase activity could be observed in the wild-type cells at day 2 of the differentiation protocol, with PI 3-kinase decreasing to 50% of maximal level at day 8 (Fig. 4A) . No significant IRS-1-associated PI 3-kinase activity could be observed in IRS-1 KO cells during the differentiation process, whereas a maximal 12-fold increase was detected in KO cells reexpressing IRS-1 (Fig. 4A) . IRS-2-associated PI 3-kinase activity was maximally 13-fold increased in the wild-type cells at day 2 of the differentiation protocol and rapidly declined to 35% of maximal level between days 4 and 8 (Fig. 4B) . IRS-1-deficient cells showed a strong sustained increase in IRS-2-associated PI 3-kinase activity with a maximal 16-fold activation occurring at day 4 of differentiation ( Fig.  4B ). IRS-2-associated PI 3-kinase activity in KO cells reexpressing IRS-1 was increased 13-fold at day 2 and decreased to 50% of maximal level at day 8 (Fig. 4B) .
To assess the impact of altered IRS-1-versus IRS-2-associated PI 3-kinase activity at the cellular level, we determined total PI 3-kinase activity in phosphotyrosine (pY) immunoprecipitates at various days of the differentiation protocol. Confluent noninduced wild-type and KO cells and KO cells reexpressing IRS-1 (day 0) showed comparable levels of pY- ) were immunoprecipitated with specific antibodies, followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting using pY antibodies. (E, F) Immunoprecipitations with a p85-specific antibody were performed and immunoblots were prepared using IRS-1-specific (upper panel) or IRS-2-specific (lower panel) antibodies. The representative immunoblots in panel E were exposed to film for a longer period of time than those in panel F. A representative blot of at least two independent experiments is shown. associated PI 3-kinase activity (Fig. 4C) . A 10-fold increase in pY-associated PI 3-kinase activity could be observed at day 2 of the differentiation protocol in wild-type cells (Fig. 4C) . Between day 2 and day 8 total PI 3-kinase activity in these cells continuously decreased to 25% of maximum activation (Fig.  4C) . In contrast, pY-associated PI 3-kinase activity in IRS-1 KO cells was increased only about 2.5-fold and no apparent peak of activity was detectable (Fig. 4C) . IRS-1-deficient cells reexpressing IRS-1 showed a maximal sixfold activation of total PI 3-kinase occurring at day 4 of differentiation ( Fig. 4C) .
PI 3-kinase activation has been shown to play a role in differentiation of white adipose tissue (25) . To determine if the same was true for brown fat, we tested whether pharmacological inhibition of PI 3-kinase would affect differentiation of wild-type cells. Treatment of adipocytes with the PI 3-kinase inhibitor LY294002 during differentiation significantly decreased protein amounts of the adipogenic markers PPAR␥, C/EBP␣, FAS, and Glut4 (Fig. 4D ) and inhibited cellular accumulation of fat, compared to results in nontreated cells (data not shown). Furthermore, pharmacological inhibition of p70S6 kinase by rapamycin also inhibited differentiation of wild-type cells, supporting previous results that indicated a role for this kinase in white adipocyte differentiation (1, 38) (Fig. 4D) . In contrast, inhibition of mitogen-activated protein (MAP) kinase with the MEK inhibitor PD098059 did not significantly affect adipogenic marker protein expression (Fig. 4D) . We further determined whether inhibition of PI 3-kinase, p70S6 kinase and MAP kinase would affect the strong induction in IR tyrosine phosphorylation and content observed in wild-type cells between days 0 and 2 of differentiation. Treatment of cells with LY294002 and rapamycin led to impaired induction of IR tyrosine phosphorylation and content, compared to that in nontreated cells, whereas IR phosphorylation and content were slightly increased in wild-type cells treated with the MEK inhibitor PD098059 (Fig. 4E) .
IRS-1 is the predominant tyrosine-phosphorylated protein bound to p85 during differentiation of wild-type cells. Our data above suggest a more important role of IRS-1-versus IRS-2-associated PI 3-kinase activity in the differentiation process. To assess which tyrosine-phosphorylated IRS is predominantly bound to the p85 regulatory subunit of PI 3-kinase during differentiation, we immunoprecipitated cell lysates with a p85-specific antibody followed by immunoblotting with an antiphosphotyrosine antibody. In confluent, noninduced wild-type, KO, and IRS-1-reconstituted KO cells (day 0), the slightly higher migrating tyrosine-phosphorylated IRS-2 was the predominant protein associated with p85 ( Fig. 5A ). At day 2 of the differentiation protocol wild-type cells showed significantly increased binding of both IRS-1 and IRS-2 to p85, with the lower migrating IRS-1 being predominant (Fig. 5A) . At days 4 and 6 significant binding to p85 could only be detected for IRS-1 in these cells (Fig. 5A) . As expected, IRS-1-deficient cells showed only an increase in tyrosine-phosphorylated IRS-2 protein bound to p85 during differentiation (Fig. 5A) . In IRS-1-reconstituted KO cells, IRS-2 was the predominant tyrosine-phosphorylated protein bound to p85 on day 2, whereas IRS-1 was more prominent on days 4 and 6 (Fig. 5A ). Protein levels of p85 slightly increased upon induction of differentiation but were comparable between the three different cell lines (data not shown).
Transient activation of Akt during differentiation is decreased in IRS-1 KO cells. The serine/threonine kinase Akt is a downstream target of PI 3-kinase and has been implicated in adipogenic and myogenic differentiation. No apparent differences in Akt activity between the three cell lines could be detected in confluent cells (day 0) as determined by immunoblotting lysates with a phospho-specific antibody against the activated form of Akt (Fig. 5B) . A rapid and transient 12-fold increase in Akt phosphorylation at day 2 of the differentiation protocol was apparent in the wild-type cells (Fig. 5B) . IRS-1-deficient cells showed a maximal 7-fold increase in Akt phosphorylation at day 4, whereas a 15-fold increase could be detected in KO cells reexpressing IRS-1 (Fig. 5B) . The peak of Akt phosphorylation in the wild-type and IRS-1-reconstituted KO cell lines correlated with the maximum of tyrosine-phosphorylated IRS-1 bound to p85 (Fig. 5A and B) . At day 6 of the differentiation protocol, comparable levels of Akt phosphorylation were detectable in the three different cell lines. No significant change of Akt content could be observed between the different cell lines during differentiation (data not shown).
MAP kinase phosphorylation decreases during differentiation in wild-type and IRS-1-reconstituted KO adipocytes, but not IRS-1-deficient cells. MAP kinase has been shown to phosphorylate PPAR␥ (11) and thus potentially act as a negative regulator of adipogenesis. Phosphorylation of this kinase was comparable between the three cell lines in confluent noninduced cells (day 0) as determined by immunoblotting with a phospho-specific antibody against the activated isoforms p42 and p44 (Fig. 5C ). On day 2, MAP kinase phosphorylation uniformly decreased in the three different cell lines (Fig. 5C) . Phosphorylation of this kinase further decreased in wild-type and IRS-1-reconstituted KO adipocytes at days 4 and 6 of differentiation, whereas it was rather increased in the KO cells (Fig. 5C ). This is consistent with the finding that inhibition of MAP kinase by PD098059 in wild-type cells did not significantly affect the adipogenic process (see above). Likewise, pharmacological inhibition of MAP kinase did not affect the differentiation capacity of IRS-1 KO cells, as determined by oil red O staining (Fig. 5D) and Western blot analysis of various adipogenic markers (Fig. 5E) . Amounts of MAP kinase protein were comparable in the three different cell lines throughout differentiation (data not shown).
Overexpression of PPAR␥ or C/EBP␣ increases differentiation capacity of IRS-1-deficient cells. Since both PPAR␥ and C/EBP␣ have been shown to play important roles in adipogenesis of white fat, we determined the influence of retrovirusmediated overexpression of either protein, as well as activation of PPAR␥ by troglitazone, on the differentiation capacity of IRS-1-deficient cells. Following retroviral infection, IRS-1-deficient cells overexpressed PPAR␥ about eightfold and C/EBP␣ about fivefold, compared to control KO cells (Fig.  6B ). On day 6 of the differentiation protocol, both the PPAR␥-and the C/EBP␣-overexpressing KO cell lines showed increased fat accumulation compared to that in IRS-1-deficient cells (Fig. 6A) . Furthermore, compared to the KO cells a significant increase in FAS and Glut4 protein content could be observed in PPAR␥-and, to a lesser extent, C/EBP␣-overexpressing cells (Fig. 6B) . In contrast, treatment of IRS-1-deficient cells with troglitazone did not significantly change total fat accumulation (Fig. 6A) or the level of expression of PPAR␥ and FAS (Fig. 6B) . On the other hand, troglitazone treatment of the IRS-1 KO cells significantly upregulated the protein amounts of C/EBP␣ and Glut4, creating a dissociation in those differentiation markers from the adipogenic process (Fig. 6B) .
DISCUSSION
In the current study, we have utilized SV40T antigen-immortalized brown preadipocytes isolated from wild-type and IRS-1 KO mice to examine the role of IRS-1 in adipocyte differentiation. These cells provide an attractive model to study differentiation processes for several reasons. We have recently shown that, similar to other white preadipocyte cell lines such as 3T3-L1 cells, brown preadipocytes can be differentiated into mature adipocytes, with accumulation of multilocular fat droplets and expression of adipogenic and thermogenic markers, including FAS and UCP-1 (16) . The cells also contain the major elements of the insulin signaling system, including the insulin receptor itself, IRS-1, and IRS-2 (32). Furthermore, immortalized brown preadipocytes can be established using a single newborn or late fetal mouse, thereby allowing creation of metabolically active, insulin-responsive cells from different animal models of diabetes and obesity, including knockout and transgenic mice.
Using this system, we found that the percentage of preadipocytes accumulating fat droplets during differentiation is dramatically decreased in IRS-1-deficient cells compared to their wild-type counterparts. Consistent with the diminished number of fat-accumulating cells, the protein content of the adipogenic markers C/EBP␦, PPAR␥, C/EBP␣, FAS, UCP-1, and Glut4 is significantly decreased in IRS-1 KO cells. Interestingly, this appears to be due to alterations at the posttranscriptional as well as the transcriptional level. Thus, C/EBP␦ mRNA is actually increased in IRS-1-deficient cells, whereas PPAR␥ mRNA is decreased and levels of C/EBP␣ and FAS mRNA are similar between both genotypes, despite the difference in expression at the protein level. Both transcriptional and posttranscriptional regulation of adipogenesis have been described (25, 31, 35) . In the IRS-1 KO cells, reexpression of IRS-1 at physiological levels is sufficient to almost completely reverse the differentiation deficit, emphasizing a specific role of IRS-1 in the differentiation process.
The upstream signals leading to adipocyte differentiation remain poorly understood. Since our results suggested that IRS-1 signaling was important in adipocyte differentiation, we determined whether this was mediated via changes in IRS tyrosine phosphorylation and activation of subsequent SH2-mediated signals such as PI 3-kinase and MAP kinase. In fact, tyrosine phosphorylation of both IRS-1 and IRS-2 is strongly and rapidly increased after induction of confluent preadipocytes to differentiate. This is similar to previous findings showing that both IRS-1 and IRS-2 are activated during differentiation of white adipocytes (25) . However, the stimuli inducing the phosphorylation of both IRS proteins during differentiation are unclear. Thus, the tyrosine phosphorylation of the IRS proteins is observed over the entire 6 days of differentiation and can be seen whether or not insulin is present in the differentiation medium. During differentiation, the expression of the IR is increased and this is associated with increased IR phosphorylation when cells are differentiated in insulin-containing differentiation medium. However, differentiation is only slightly decreased and delayed in wild-type cells cultured in the absence of insulin, and under these conditions the enhanced phosphorylation of the IRS proteins is preserved despite an absence of IR tyrosine phosphorylation. Whether the nonligand IR is sufficient to induce this phosphorylation or some other tyrosine kinase is involved in this process will require further study.
Tyrosine-phosphorylated IRS proteins have been shown to bind the p85 regulatory subunit of PI 3-kinase, thereby activating the p110 catalytic subunit of the enzyme (4). During differentiation of wild-type brown adipocytes, there is an increase in binding of both IRS proteins to p85, and IRS-1-and IRS-2-associated PI 3-kinase activities are rapidly increased. Further experiments using p85 immunoprecipitation followed by pY immunoblotting suggested that of these two substrates, IRS-1 is the predominant signaling protein during differentiation. These results are in agreement with findings in white adipocytes (25) . In contrast to the essential role of IRS-1 in differentiation of brown adipocytes, cells lacking IRS-2 do not show any differentiation deficit (7) . Furthermore, while IRS-1-deficient cells do not show any of the IRS-1-associated changes, IRS-2-associated PI 3-kinase activity in the KO cells exceeds the levels observed in wild-type and IRS-1-reconstituted KO cells, especially between days 4 and 8 of differentiation. Since IRS-1 is the predominant IRS protein bound to PI 3-kinase during differentiation, it is not surprising that IRS-1-deficient cells show a 60 to 70% decrease in total PI 3-kinase activation compared to that in wild-type and IRS-1-reconstituted KO adipocytes. Thus, the lack of IRS-1-associated PI 3-kinase activation in the KO cells during differentiation cannot be compensated for by IRS-2.
Consistent with findings in white adipocytes (25) and skeletal muscle cells in culture (13, 15) , PI 3-kinase activity appears to be necessary for brown adipocyte differentiation. Wild-type cells treated with the pharmacological PI 3-kinase inhibitor LY294002, but not the MEK inhibitor PD98059, show decreased differentiation and decreased expression of adipogenic marker proteins. Taken together with the data above, it appears that IRS-1 mediates differentiation-dependent signals through PI 3-kinase and that the decrease in PI 3-kinase activity in IRS-1-deficient cells might well be linked to the observed differentiation deficit. This defect in PI 3-kinase activation in the IRS-1 KO cells is associated with an ϳ50% decrease in phosphorylation of Akt, a protein serine/threonine kinase that serves as a major downstream effector of PI 3-kinase (33) . It has been demonstrated that the positive effect of PI 3-kinase on L6 myocyte differentiation is also mediated via Akt (13) and that overexpression of a constitutively active Akt can increase the differentiation capacity of 3T3-L1 preadipocytes (17) . However, in preliminary experiments we have not been able to successfully infect brown adipocytes with adenoviruses encoding either dominant negative or constitutively active membrane-targeted Akt. Thus, defining the exact role of Akt in brown adipocyte differentiation will require further study. Furthermore, whether a 50% decrease in Akt phosphorylation is sufficient to limit differentiation remains to be determined.
It has been shown that IRS-1 signals are also mediated through MAP kinase activation (33) . Interestingly, phosphorylation of this signaling intermediate decreased during the differentiation period in the wild-type and IRS-1-reconstituted KO cells, whereas it was sustained in IRS-1-deficient cells. Thus, it appears that increased differentiation of brown adipocytes correlates with decreased MAP kinase phosphorylation. In fact, MAP kinase has been proposed as a negative effector of adipocyte differentiation (8) . Furthermore, MAP kinase has been shown to phosphorylate PPAR␥, thereby blocking the ability of this transcription factor to activate transcriptional events necessary for complete adipocyte differentiation (11) . However, as pharmacological inhibition of MAP kinase in IRS-1 KO adipocytes does not improve differentiation capacity, the sustained activation of this signaling intermediate does not appear to be the primary reason for the differentiation deficit observed in cells lacking IRS-1.
In recent years evidence has been emerging that the activation of PPAR␥ and C/EBP␣ transcription is essential for differentiation of white adipocytes (27) . In IRS-1 KO cells, overexpression of either PPAR␥ or C/EBP␣ could overcome most of the differentiation blockade, suggesting that the effect of IRS-1 deficiency is upstream of these factors. Whatever the exact mechanism, these results suggest that downregulation of both PPAR␥ and C/EBP␣ is an essential part of the impaired differentiation phenotype observed in the KO cells. Interestingly, treatment of IRS-1-deficient cells with the PPAR␥ activator troglitazone reversed some features of the differentiation deficit (C/EBP␣ and Glut4 expression) of IRS-1-deficient cells, while other features were unchanged (fat accumulation and PPAR␥ and FAS expression). These results suggest an effect of PPAR␥ in differentiation, and pharmacological activation of this pathway may be able to be, at least in part, separated, and this could occur as a result of modification of IRS-1-mediated signaling. This observation could have important implications in the use of thiazolidinediones as therapeutics in obese and diabetic states. Furthermore, as overexpression of PPAR␥ as well as activation of this protein by troglitazone leads to increased synthesis of C/EBP␣, and C/EBP␣ overexpression results in increased amounts of PPAR␥, our data support prior studies suggesting a positive feedback loop between these two transcription factors (24, 35) .
Finally, IRS-1 KO mice show a 50% reduction in white and brown adipose tissue mass compared to their wild-type counterparts, which corresponds to the 50% decrease in whole body weight observed in these animals (6) . Further studies have demonstrated that the number, but not the size, of adipocytes derived from IRS-1 KO mice is decreased (6) . Recently IRS-1/IRS-3 double KO mice have been shown to have a 90% reduction in white adipose tissue mass, supporting a role in vivo for IRS-1 in concert with IRS-3 in white adipocyte development (6) . Interestingly, brown adipose tissue mass in both of these animals is decreased only to the same extent as whole body mass (6) . This suggests that in vivo other factors may act to modify our in vitro findings.
In summary, we have demonstrated a critical role for IRS-1 in brown adipocyte differentiation. We find that a lack of IRS-1 results in a severe differentiation deficit that appears to be mediated via decreases in PI 3-kinase and Akt activation and is upstream of transcriptional regulators such as PPAR␥ and C/EBP␣. Further work will be needed to define the exact upstream signaling events responsible for IRS-1 and IRS-2 activation during differentiation, as well as the link of the various adipogenic signals to each other during the differentiation process.
